Growth and electrochemical properties of single-crystalline vanadium pentoxide (V 2 O 5 ) nanorod arrays were investigated. Vanadium pentoxide nanorod arrays were grown by electrochemical deposition, surface condensation induced by a pH change and sol electrophoretic deposition. Uniformly sized vanadium oxide nanorods with a length of about 10 mm and diameters of 100 or 200 nm were grown over a large area with near-unidirectional alignment. Transmission electron microscopy (TEM) micrographs and electron diffraction patterns of V 2 O 5 nanorods clearly show the single-crystalline nature of nanorods fabricated via all three growth routes with a growth direction of [010]. The growth mechanisms of single-crystal V 2 O 5 nanorods have been discussed. Electrochemical analysis revealed that nanorod array electrodes possess significantly improved storage capacity and charge/discharge rate with approximately 5 times higher applicable current density than those of sol-gel derived films. Furthermore, for a given current density, the nanorod array electrode can intercalate up to 3.5 times higher concentration of Li þ intercalation. The relationships between electrochemical property, nano-and microstructure, and growth mechanisms have been discussed.
Introduction
A great deal of attention has been focused on the synthesis and applications of nanostructured materials, and many synthesis and processing techniques have been developed. 1, 2) One of the most dynamic research areas is the synthesis of one-dimensional nanostructures, such as nanowires, nanorods, and hollow tubes. [3] [4] [5] [6] [7] Template-based synthesis is one of the most common fabrication methods of nanorod arrays, particularly for mass production and alignment, since this method offers the ability to fabricate unidirectionally aligned and uniformly sized nanorod arrays of a variety of materials. Nanorods of numerous materials including metals, semiconductors, polymers, oxides, and composites have been formed by this technique. [8] [9] [10] Various methods have been developed to fill the pores of template membranes for the formation of nanorod or nanowires. 11, 12) For example, electrochemical deposition, also commonly referred to as electrodeposition, is generally used for the growth of electrically conductive materials, such as metals, semiconductors, and conductive polymers. 1) In electrophoretic deposition, the electric field induces oriented migration and stacking of charged nanoclusters or nanoparticles on the growth surface, and no electrochemical reactions at the growth surface are required. 13) Therefore, electrophoretic deposition can be used for the growth of dielectric materials, and various dielectric oxide nanorods have been synthesized using a combination of electrophoretic deposition and solgel processing. 14, 15) Vanadium pentoxide has attracted much attention, for example as an electrode material for electrochemical pseudocapacitor applications due to its intercalation ability, among many other applications such as electrochromic coatings 16) and actuators. 17) V 2 O 5 has a layered structure and has the ability to intercalate ions between adjacent layers. 18) This intercalation process is accompanied by a change of dimension, due to the expansion or contraction of the distance between adjacent layers, and a change of color, due to the change of valence states of vanadium ions. When V 2 O 5 intercalates Li þ , electrical energy is stored in the form of chemical potential. Energy is released from V 2 O 5 in the form of electricity, when the intercalated Li þ diffuses out. For electrochemical pseudocapacitor applications, charge/ discharge rate, energy storage capacity, and cyclic fatigue resistance are the most important parameters. A large surface area and easy transport are required to achieve a high charge/discharge rate. 19, 20) Since only a thin surface layer is active in the intercalation process, 21) a large surface area is also desirable to achieve large storage capacity. In addition, the ability of free expansion and contraction of vanadium pentoxide is needed to permit efficient intercalation and discharge with good fatigue resistance. It is clear that nanorod arrays of single-crystal vanadium oxide are a promising structure for realizing high capacity, fast charge and discharge kinetics, and improved fatigue resistance. Recently, we have demonstrated that single-crystal V 2 O 5 nanorod arrays have approximately 5 times higher applicable current density than sol-gel-derived film, and in a given current density, a nanorod array electrode can intercalate up to 5 times higher concentration of lithium ions. 22) In this paper, we report the study on the growth of single-crystal vanadium pentoxide (V 2 O 5 ) nanorod arrays from three aqueous solutions or sol by electrochemical and electrophoretic deposition, and their electrochemical properties. The possible growth mechanisms of single-crystal vanadium oxide nanorod arrays and the relationship between the electrochemical properties and nanostructures are discussed.
Experimental

Preparation of solutions and sol
The chemicals used in making solutions and sol were V 2 O 5 (Alfa Aesar), 30% H 2 O 2 (J.T. Baker), VOSO 4 ÁnH 2 O (Alfa Aesar), HCl (37.5%, Fisher) and H 2 SO 4 (96.5%, Fisher). Two ionic solutions and one sol were prepared from the above chemicals using the following procedures.
A VO þþ solution was prepared by dissolving VOSO 4 ÁnH 2 O into deionized water together with H 2 SO 4 in a molar concentration of 0.1 mol/l as n ¼ 5:0, with a pH of 1.5. Such a solution has a blue color with a broad absorption peak centered around 750 nm and a weak shoulder at $630 nm as shown in Fig. 1(a) þ , which have a yellowgreen color with a strong absorption band at around 400 nm and a weak peak at $750 nm (as shown in Fig. 1(b) ). Such an absorption spectrum is characteristic of VO 2 þ ionic clusters (here vanadium ion has a valence state of 5þ).
23)
V 2 O 5 sol was made by redispersing the above yellowbrown gel in DI water. The sol has a brownish color and contains 0.01 mol/l vanadium ions with a pH of 2.7. The primary vanadium species in the colloidal dispersion are mainly hydrated vanadium oxide nanoparticles with one observable absorption peak at 450 nm ( Fig. 1(c) ). However, a small amount of ion clusters may also be present, as suggested in literature. 24) 
Growth of nanorod arrays
Vanadium pentoxide nanorod arrays have been grown inside polycarbonate templates with the assistance of an electric field. The templates used for this study were radiation track-etched hydrophilic PC membrane (Millipore, Bedford, MA) with pore diameters of 200 nm and thickness of 10 mm. To ensure a good electrical contact, the back of the membrane template was first sputter-coated with Au-Pd alloy before being attached to the working electrode. An aluminum sheet of 9 mm diameter was used as the working electrode placed beneath the template, and a Pt mesh was used as a counter electrode. The distance between the two electrodes was kept at 25 mm. A detailed description of the deposition setup can be found in our previous publications. 14, 15) The applied electric voltage ranges from 0.3 to 2.5 V, and the deposition lasted up to 2 h. Upon the completion of deposition, the samples were dried at 110 C for 12 h in air, and then fired at 485 C in air for 1 h to remove the polycarbonate membranes through pyrolysis and oxidation. For comparison, sol-gel-derived vanadium pentoxide film was also prepared by dip coating, followed by firing at 485
C for 1 h in air. Such a prepared sol-gel film is uniform and crack-free, with has a thickness of $1 mm.
2.3
Characterization and electrochemical property measurement Optical absorption spectra of solutions and sols with various concentrations were carried out in the range of 400 nm to 900 nm using a fiber optic spectrometer (Ocean Optics PC2000). Scanning electron microscopy (SEM, JEOL JSM-5200) was used to characterize the morphology of nanorod arrays. Transmission electron microscope (TEM) images and electron diffraction patterns were recorded using Phillips EM420 and JEOL 2010 microscopes at accelerating voltages of 120 kV (Phillips) and 200 kV (JEOL). The crystal structure and crystal orientation of nanorods, gel powders and films before and after firing were studied by Xray diffractometry (XRD, Philips PW1830).
Electrochemical properties of nanorod arrays and sol-gel films were investigated using a three-electrode cell. The vanadium pentoxide nanorod array electrode was made by attaching a PC membrane with grown V 2 O 5 nanorods onto an ITO substrate with silver paste, dried first at 110 C for 8 h, and then heated at 485 C for 1 h in air to pyrolyze the PC membrane. For the sol-gel film, vanadium pentoxide sol was directly coated onto the ITO substrate and fired at 485 C in air for 1 h. The apparent surface area of the electrode is 6:4 Â 10 À5 m 2 . A 1 M-LiClO 4 solution in propylene carbonate is used as the electrolyte, and a platinum mesh is used as the counter electrode with Ag/AgNO 3 as a reference electrode. A cyclic voltammetry measurement was carried out using potentiostat/galvanostat (EG&G Princeton Applied Research, model 273). C for 1 h in air from the three different solutions and sol by either electrochemical or electrophoretic deposition. The images show that these nanorods are arranged almost parallel to one another over a broad area; the distortion is ascribed to the deformation of the PC membrane during pyrolysis. There is negligible shrinkage along the long axis, but the morphology and diameter of nanorods grown from different solutions or sol are different. Nanorods grown from solutions A and B have a uniform diameter throughout their entire length with a smooth surface, but in the case of solution C, nanorods have a narrower diameter and a slightly rough surface. XRD spectra indicate that all nanorod arrays have the same crystal structure vanadium pentoxide after firing at 485 C, regardless of the growth method and the initial solution. Figure 3 illustrates the three different growth routes used for the formation of vanadium oxide nanorod arrays. More specifically, nanorod arrays in Fig. 2(a) were grown from a VO þþ ionic cluster solution by electrochemical deposition (route A). Those in Fig. 2(b) correspond to route B, in which deposition of V 2 O 5 was accomplished through the change of valence state of vanadium ions induced by the increase of pH near the growth surface as a result of water electrolysis in VO 2 þ ionic cluster solution, whereas nanorod arrays in Fig. 2(c) were formed by sol electrophoretic deposition from V 2 O 5 sol. Table I summarizes the electrode conditions and shrinkage percentages of vanadium pentoxide nanorod arrays grown via these three different routes. It is noted that under similar growth conditions, nanorods grown by electrochemical deposition exhibited a negligible shrinkage, whereas those grown by changing the pH showed a appreciable lateral shrinkage of 15%. Moreover, nanorods grown by sol electrophoretic deposition underwent a substantial lateral shrinkage of 50%. Such large differences in lateral shrinkage of the three type of nanorods upon firing can be explained by their distinctively different growth mechanisms.
Results and Discussion
The growth of nanorods from VO þþ solution (route A) is by a typical electrochemical deposition. At the interface between the electrode (and subsequent growth surface) and electrolyte solution, the ionic cluster, VO þþ , is oxidized and solid V 2 O 5 is deposited through the following reaction.
A reduction reaction takes place at the counter electrode:
It is obvious that pH and the concentration of VO þþ clusters in the vicinity of the growth surface shift away from that in the bulk solution; both pH and VO þþ concentration decrease. However, the change of pH and VO 2þ cluster concentration does not lead to the formation of a new chemical species, as evidenced in Fig. 3 . High voltage is likely to induce a fast growth rate until diffusion becomes the rate limiting step.
Growth from VO 2 þ solution (route B) has a different mechanism. Electrochemical reactions also take place at the interface between the deposition electrode (or the growth surface) and the electrolyte solution:
Reaction 3, or the electrolysis of water, plays a very important role here. First, as the reaction proceeds, more hydroxyl groups are produced, resulting in an increased pH 
on negative: precipitate reaction according to local pH rising: 
value near the deposition surface or a change of local pH values. Such an increase of pH near the growth surface initiates and promotes the precipitation of V 2 O 5 , or reaction 4. The sequential reactions can be easily understood from Fig. 3 . The initial pH of solution B is approximately 1.0, in which VO 2 þ is metastable. However, when pH increases to $1:8, V 2 O 5 forms. The hydrolysis of water has another effect on the deposition of solid V 2 O 5 . Reaction 3 produces hydrogen on the growth surface. Such molecules may poison the growth surface before dissolving into the electrolyte or forming a gas bubble, which may cause the formation of porous nanorods, which shrink when fired at 485 C. Growth from sol (route C) is a by typical electrophoretic deposition. In this method, an externally applied electric field induces oriented migration of vanadium oxide nanoclusters, which have a negatively charged surface at a pH of 2.7, since the isoelectric point of vanadia is around 1.8. When these charged nanoclusters are packed or deposited on the electrode or growth surface, the electrostatic double layer surrounding each nanocluster collapses under the externally applied electric field. As is common in a typical electrophoretic deposition process, no electrochemical reaction is required. How well the nanoclusters are packed on the growth surface depends on many factors such as the concentration of the nanoclusters in the sol, the strength of the applied electric field, the reaction rate of surface condensation between two nanoclusters, and the morphology of the nanoclusters. The maximum achievable packing density is $74% assuming nanoclusters are monosized and spherical; nanorods grown by sol electrophoretic deposition (route C) are always porous and thus are expected to undergo large shrinkage upon firing. Figure 4 shows typical TEM micrographs and selectedarea electron diffraction patterns of V 2 O 5 nanorods grown by electrochemical deposition (route A) and sol electrophoretic deposition (route C). No appreciable difference was observed among nanorods grown by three different methods. These diffraction patterns clearly proved the single-crystalline or, at least, well oriented nature of the nanorods. All of the diffraction patterns can be indexed as orthorhombic V 2 O 5 on a [001] zone axis. When the image of the nanorod is overlaid on the diffraction pattern, one observes that the long axis of the nanorod points towards the (020) spot. Thus, if growth occurs along the length of the nanorod, this information suggests a [010] growth direction for the nanorods. Figure 4 also shows high-resolution TEM micrographs of a single V 2 O 5 nanorod, in which lattice fringes are clearly visible. The spacing of the fringes was measured to be 0.207 nm for nanorods made from solutions, and 0.208 nm for those made from the sol. These values are similar for different synthesis routes and correspond well with the spacing of (202) planes at 0.204 nm. These fringes make an angle of 88. 9 with the long axis of the nanorod, which is consistent with a growth direction of [010] . Similar measurements made on high-resolution images of other nanorods also yield results consistent with a [010] growth direction. However, these measurements do not definitely prove that [010] is the growth direction.
Nanorods with the same orientation are grown from both solutions and the sol, but the formation mechanism of the single crystal is different, as schematically illustrated in Fig. 5 . The formation of single-crystal nanorods from solutions, by both electrochemical deposition and pHchange induced surface condensation, is attributed to evolution selection growth, which is briefly summarized below. The initial heterogeneous nucleation or deposition on the substrate surface results in the formation of nuclei with random orientations. The subsequent growth of various facets of a nucleus is dependent on the surface energy, and varies significantly from one facet to another. 25) For onedimensional growth, such as film growth, only the highest growth rate in the direction perpendicular to the growth surface will continue to grow. The nuclei growing perpendicular to the growth surface, along which the growth rate is the fastest, will grow larger, while nuclei with slower growth rates will eventually cease to grow. Such a growth mechanism results in the formation of columnar structured films with all the grains having the same crystal orientation (known as textured films). 26, 27) In the case of nanorod growth inside a pore channel, such evolution selection growth is likely to lead to the formation of a single crystal nanorod or a bundle of single-crystal nanorods per pore channel ( Fig. 5(a) ). It is well known that [010] or b-axis is the direction of fastest growth for a V 2 O 5 crystal, 28, 29) which would explain why single-crystal vanadia nanorods or a bundle of single crystal nanorods grow along the b-axis. In the case of nanorods made from sol by electrophoretic deposition, the formation of single-crystal nanorods is explained by the homoepitaxial aggregation of crystalline nanoparticles. Thermodynamically it is favorable for the crystalline nanoparticles to aggregate epitaxially; such a growth behavior and mechanism have been thoroughly reported in the literature. 30, 31) In this growth mechanism, an initial weak interaction between two nanoparticles allows rotation and migration relative to each other. Obviously homoepitaxial aggregation is a competitive process with close packing of nanoparticles, and thus a highly porous structure is expected to form through such homoepitaxial aggregation (illustrated in Fig. 5(b) ). Vanadium oxide sol particles are known to form an ordered crystal-like structure easily, 32) so it is reasonable to expect that homoepitaxial aggregation of vanadia nanocrystals from sol results in the formation of single-crystal nanorods. Thus-formed singlecrystal nanorods are likely to be highly porous and to undergo significant shrinkage when fired at high temperatures. In addition, the electric field and the internal surface of pore channels may all play a significant role in the orientation of nanorods, as suggested in the literature. 33, 34) It is also noted that the diameter of nanorods observed in TEM images (Fig. 4) is approximately 50 nm, which is much smaller than observed by SEM (Fig. 2) , which was 150 nm to 200 nm. One possible explanation is that one large nanorod, as observed in SEM images, may consist of several smaller single-crystal nanorods, as seen in TEM images. Moreover, the sample preparation procedures for TEM analysis might promote such splitting. SEM micrographs of the nanorods were directly taken after removal of PC templates by pyrolysis at 485 C. For TEM, nanorods after pyrolysis were mixed with ethanol and subsequently subjected to 15 minutes of sonication to disperse nanorods. Sonication may result in not only branching and splitting of crystals but also delamination of V 2 O 5 sheets into several smaller nanorods along the axis [010] . Figure 6 shows typical cyclic voltammograms of V 2 O 5 nanorod arrays and sol-gel film measured using a scan rate of 1 mV/s. The cyclic voltammogram of nanorod arrays grown from shows one anodic oxidation peak at 0.0 V and a broad peak at À0:7 V, which is attributed to Li þ extraction, and cathodic peaks at À0:3 and À1:1 V, which correspond to Li þ intercalation. Artuso et al. 35) also reported similar IV curves that have a combination of one obvious anodic peak and two cathodic peaks. For sol-gel films, besides the anodic peak at 0.0 V, another anodic peak at À0:7 V is apparent. Furthermore, the cathodic peaks at À0:3 and À1:1 V are less distinct. The integrated area of IV curves for nanorod array and sol-gel film is similar, which implies that both nanorod arrays and films possess the same specific power at this scan rate. However, extraction and intercalation kinetics are different, as evidenced by the sharp peaks from the nanorods made from solution routes, as compared with far less distinctive peaks in the IV curve of sol-gel film. The behavior of the IV curve of sol-gel nanorods is intermediate between those of nanorods from solutions and sol-gel film, although the nanorods have single-crystalline structure.
For nanorod arrays, there is almost no Li þ extraction other than in the vicinity of 0.0 V with a high discharge current (sharp and tall peak). Such a discharge behavior suggests that nanorod arrays may have no or very little current leakage and a high energy density output. Similarly the cathodic peaks in the IV curve of the nanorod array are considerably better defined. Such sharp peaks suggest faster intercalation reactions at given voltages. For the sol-gel film, both charge and discharge peaks are far less well defined, which suggests relatively slow extraction and intercalation processes. Similarities between nanorod arrays fabricated by sol electrophoretic deposition and sol-gel-derived films suggest that the nanorod arrays formed by sol electrophoretic deposition are likely highly defective, with low angle boundaries, twins, stacking faults, and inclusion of pores.
Intercalation and extraction of Li þ at 0.0, À0:7, À0:3, and À1:1 V involve different chemical reactions, resulting in the formation of different phases. Li x V 2 O 5 has three different phases at room temperature, which are (x < 0:1), " (0:3 < x < 0:8), and (0:9 < x) phases. IV curves suggest that the two cathodic peaks correspond to phase transitions from to ", and from " to . The broad anodic peak at À0:7 V observed in sol-gel-derived film suggests that a concentration gradient of Li þ in the V 2 O 5 crystal exists during the extraction process, as reported by Cocciantelli.
36)
The nanorod array electrode does not exhibit a peak at À0:7 V, but shows one large Li þ extraction peak at 0.0 V, indicating that nanorod arrays possess minimal Li diffusion resistance. Figure 7 shows the comparison between the current density and Li þ insertion capacity of nanorod arrays and sol-gel films measured using chronopotentiograms. In gen- eral, for a given Li þ intercalation capacity, e.g., Li 0:7 V 2 O 5 , nanorod arrays fabricated via the solution route possess up to 5 times higher current density than do sol-gel films, and is larger than capacity of nanorods made by sol electrophoresis. Similarly for a given current density, such as 0.7 A/g, nanorod arrays can store up to 5 times higher Li than that in sol-gel films and about 1.5 times higher than in nanorods made from sol electrophoresis. The differences in electrochemical pseudocapacitor properties observed in vanadium pentoxide nanorod arrays and sol-gels films are attributed to the differences in microstructure and nanostructure. Vanadium pentoxide nanorods grown by electrochemical deposition are dense single crystals, with vanadia layers parallel to the nanorod axis. Such a structure is extremely favorable for Li þ intercalation and extraction, since the surface oxidation and reduction reactions occur along the surface of nanorods and the solid state diffusion distance is very short, $100 nm, which is half the diameter of nanorods. In addition, such a structure permits the most freedom to the dimensional change that accompanies intercalation and extraction reactions. Such a well-aligned structure would also enhance Li þ diffusion through the solvent. The nanorod made by sol electrophoresis is also single crystalline and well aligned, but it has many defects inside the crystal. This may be the cause of the difference between these nanorod array electrodes. Sol-gel vanadia films are polycrystalline and consist of platelet vanadia grains with [001] perpendicular to the substrate surface. Therefore, the Li þ intercalation and extraction processes would comprise Li þ diffusion through grain boundaries, oxidation and reduction reactions at the surface of individual crystal grains, and diffusion inside individual grains. The difference in microstructure would have similar effects on the charge transport.
Conclusions
Single-crystal vanadium pentoxide (V 2 O 5 ) nanorod arrays were grown by electrochemical deposition, surface condensation induced by a change of local pH as a result of H 2 O electrolysis, and sol-gel electrophoretic deposition. Uniformly sized vanadium oxide nanorods with a length of about 10 mm and diameters ranging from 100 to 200 nm were grown over a large area, with nearly unidirectional alignment. Although the initial conditions and growth mechanisms are different, nanorods have single-crystalline structures orientated along the growth axis. The growth of singlecrystal vanadium pentoxide nanorods via the solution route is attributed to the evolution selection growth mechanism, whereas nanorods grown by sol electrophoresis are built up by homoepitaxial agglomeration.
The current density and Li insertion capacity of nanorod array electrodes fabricated by electrochemical deposition have approximately up to 5 times higher applicable current density than do sol-gel-derived film and nanorods formed by sol electrophoresis. This suggests that the nanorod-electrode has faster intercalation reactions at a given voltage. The differences in electrochemical pseudocapacitor properties observed in vanadium pentoxide nanorods arrays and sol electrophoresis nanorods or films are attributed to the differences in the microstructure and nanostructure between them. nanorod arrays and sol-gel-derived films.
